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CeO2 modified SBA-15 composites have been prepared by adding cerium precursor (Ce(NO3)3·6H2O) directly into the mixture of soft template (P123), silica precursor (TEOS) and urea aqueous solution but without mineral acid. The products were characterized by X-ray fluorescence (XRF), powder X-ray diffraction (XRD), N2 physisorption and transmission electron microscopy (TEM). Results indicated that ceria were successfully grafted onto mesoporous silica matrix and no pore clogging was observed. Both ceria content and mesoporous ordering of the final products were found to depend on urea amount. Compared to CeO2/SBA-15 from conventional impregnation method, the one-pot synthesis not only showed simple and green operation, but also superior catalytic performance in NO+CO reaction after loaded with CuO. It was revealed that both the presence and location of ceria had great influence on the reducibility of CuO, and the catalytic performances were intimately related to the redox properties of crystalline CuO. That is, higher NO conversion and N2 selectivity were achieved over catalyst with easier reduction of crystalline CuO.
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INTRODUCTION

Ceria and ceria-based materials have received numerous attention in heterogeneous catalysis, particularly in the field of environmental catalysis, such as CO oxidation (Slavinskaya et al., 2020), NO reduction (Tang et al., 2016), soot oxidation (Wang et al., 2021), and elimination of VOCs (Shi et al., 2021). In order to improve the performances, preparation of ceria or related materials with designed structures and morphologies is extensively investigated (Liang et al., 2008; Wei et al., 2011; Ta et al., 2012; Ma et al., 2017; Wu et al., 2018; Ri et al., 2021), and this has become a hot research topic with the rapid development of material preparation techniques (Li and Shen, 2014; Trovarelli and Llorca, 2017; Bi et al., 2020). In principle, creation of structured materials with large surface area is much attractive since it can provide abundant active sites and sufficient anchoring sites for better dispersion of active species. This is typically realized by preparing ceria or ceria-based materials with mesoporous structures (Qi et al., 2012; Tang et al., 2015; Zhan et al., 2017). For example, Shen et al. (2005) and Luo et al. (2007) reported the synthesis of mesoporous CeO2 by hard and soft template methods, respectively. Meanwhile, the catalytic performances in CO oxidation were evaluated. Results showed that mesoporous ceria was more active than regular ceria from cerium(III) nitrate decomposition and the catalytic activities were greatly enhanced for CuO-loaded catalysts. Nevertheless, it was noteworthy that their textual stability was not very good at high temperatures.

As an alternative, ordered mesoporous CeO2-SiO2 composites attract great interest due to the fact that the ordered mesoporous SiO2 matrix could not only improve textural stability of CeO2 but also possess large surface area. The conventional method of obtaining ordered mesoporous CeO2/SiO2 is impregnation of mesoporous silica materials, i.e., MCM-41 (Akondi et al., 2012) and SBA-15 (Mikheeva et al., 2019), with cerium salts. By this method, agglomeration of ceria particles is usually occurred and the blocking of mesopores is inevitable (Bi et al., 2007; Krishnan et al., 2008). There was alternative method reported for preparation of finely dispersed ceria in CeO2/SiO2 composite (Corma et al., 2004). The first step was synthesis of uniformly distributed ceria nanoparticles and then introduced them into the synthesis system of SBA-15. For both methods, at least two steps are involved, which are time consuming and not advantageous in the view of simplicity. There were also few reports concerning on direct synthesis of ordered mesoporous CeO2/SiO2 (Khalil, 2007; Li et al., 2009). For example, Li et al. prepared CeO2/SiO2 mesostructured composite through an evaporation induced self-assembly (EISA) strategy (Li et al., 2009). However, the synthesis parameter should be strictly controlled as it needs to be operated at restricted humidity. Moreover, the pore volume is found to be apparently decreased, suggesting the occurrence of obvious pore clogging.

For the preparation of mesoporous CeO2/SiO2 composite, it is highly expected that the guest species can be directly introduced into mesoporous matrix throughout the preparation. More importantly, to accelerate stream diffusion and promote active site exposure, apparent pore clogging should be avoided. As for silica matrix, SBA-15 is more often used than MCM-41, mainly due to its thicker pore wall and larger pore size. However, since SBA-15 is usually prepared in strong acidic condition, it is hard to introduce guest species directly into the mesoporous matrix. This may account for the well-known fact that most preparation of CeO2/SBA-15 composites involve two steps. In the present study, a novel and facile one-pot synthesis method of ceria modified SBA-15 was investigated. The products were prepared by directly adding cerium precursor into the mixture of P123, TEOS and urea aqueous solution. The physicochemical properties of samples were characterized by XRF, XRD, N2 adsorption/desorption, and TEM. In contrast to the counterpart from wet impregnation, it is interesting that for the samples from one-pot synthesis, no pore clogging is observed. Moreover, much higher catalytic activity over NO+CO reaction is obtained after loaded with CuO, suggesting the great potential of this method in fabricating CeO2-mesoporous silica composites.



EXPERIMENTAL


Sample Preparation


Synthesis of CeO2@SBA-15

The one-pot synthesis of CeO2 modified SBA-15 was based on modification of our previous work (Zhang et al., 2012). In a typical synthesis procedure, 2 g of P123 was dissolved in 50 mL of distilled water under stirring. Then a certain amount of urea and 0.88 g of Ce(NO3)3·6H2O were added to the template solution. After stirred at 40°C for 0.5 h, 4.25 g of TEOS was dropped and the mixture was kept stirring for 24 h, and then subjected to hydrothermal treatment in an autoclave at 100°C for 24 h. The solid product was recovered by filtration, washed with distilled water and ethanol, and dried at room temperature. Finally, it was air-calcined to 550°C at the ramp rate of 1°C/min and maintained for 6 h to remove the template. For convenience, the obtained samples were denoted as CeO2@SBA-15(m) where m represented the mass of urea added in terms of gram. For comparison, the CeO2/SBA-15 was prepared by wet impregnation and the ceria loading was set at the same value with that in CeO2@SBA-15(0.8).

To illuminate the formation process of the one-pot method, two controlled experiments were designed based on minor modification of the synthetic procedure to CeO2@SBA-15. (i) Synthesis of CeO2@SBA-15 without the addition of urea and the obtained sample was denoted as CS-1; (ii) Synthesis of CeO2@SBA-15 (0.8) without the hydrothermal process at 100°C and the obtained sample was denoted as CS-2.



Preparation of CuO-Loaded Catalysts

In order to investigate the catalytic performance of CeO2 modified SBA-15, the CuO-loaded catalysts were prepared. The CuO-loaded sample was prepared by impregnating CeO2@SBA-15(0.8) with an aqueous solution containing requisite amount of copper(II) nitrate trihydrate [Cu(NO3)2·3H2O], followed by drying at 110°C overnight and then calcining in air at 550°C for 6 h at a ramp rate of 1°C/min. The CuO-loaded catalyst was labeled as CuO/CeO2@SBA-15. For comparison, other two CuO-loaded catalysts were prepared with the same procedure and denoted as CuO/CeO2/SBA-15 and CuO/SBA-15, respectively.




Characterization

The powder X-ray diffraction patterns of samples were collected on a Philips X'pert X-ray diffractometer using Ni-filtered Cu Kα radiation (λ = 0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA. The average grain size of ceria was determined by Sherrer equation from the (220) crystalline plane of ceria.

Nitrogen adsorption and desorption isotherms were measured at −196°C using a Micromeritics ASAP 2020 system. The samples were degassed for 160 min at 300°C in the degas port of the adsorption analyzer. The pore size distribution (PSD) curves were calculated from the analysis of the desorption branch of the isotherms using the Barrett-Joyner-Halenda (BJH) algorithm.

Ceria contents in the samples were determined by X-ray fluorescence (XRF) using an ARL-9800 spectrometer. The composition of samples was measured by balancing the oxygen content in every specimen and determining the total weight amount of SiO2 and CeO2 in every sample. The preservation rate of ceria was devised as a reference to determine the effect of urea addition based on XRF results and the detailed meaning was defined as follows:
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Transmission electron microscopy (TEM) images were taken on a JEM-2100 instrument at an acceleration voltage of 200 kV. The samples were crushed in A.R. grade ethanol and the resulting suspensions were allowed to dry on carbon film supported on copper grids.

H2 temperature-programmed reduction (H2-TPR) measurements were carried out in a quartz U-type reactor connected to a thermal conduction detector (TCD) with a H2-Ar mixture (7.3% H2 by volume) as reductant. 25 mg of sample was used for each measurement. Before switched to the H2-Ar stream, the sample was pretreated in N2 stream at 100°C for 1 h. Each TPR measurement started from room temperature to 450°C at a ramp rate of 10°C/min.



Catalytic Activity Test

The activities in NO+CO reaction were determined under steady state, involving a feed stream with a fixed composition, 5% NO, 10% CO, and 85% He by volume as diluents. A quartz tube with 25 mg catalyst was used. The catalysts were pretreated in N2 stream at 100°C for 1 h and then cooled to room temperature, after that, the gas reactants were switched on. The reaction was carried out at different temperatures with a space velocity of 24,000 mL g−1 h−1. Two columns and thermal conduction detection (TCD) were used for separating and analyzing the products, respectively. Column A with Paropak Q for separating N2O and CO2, and column B, packed with 5A and 13X molecular sieves (40–60 mesh) for separating N2, NO and CO.




RESULTS AND DISCUSSION


Physicochemical Properties of CeO2@SBA-15

To explore the effectiveness of one-pot synthesis, the information of ceria content in CeO2@SBA-15 was firstly investigated and the results of XRF are presented in Figure 1. From Figure 1, it is found that ceria is more or less preserved in the final products, which is determined by the amount of urea used. With addition of the least amount of urea (0.2 g), < 40% ceria is kept back as comparing the measured ceria with nominal amount. However, when increasing the urea amount to 0.8 g, > 80% of the precursor is saved in the product. Noticeably, further increasing urea amount leads to the preservation rate decreased to 66%.


[image: Figure 1]
FIGURE 1. The preservation rate of ceria as a function of urea added for different samples.


The formation of ordered mesoporous structures was studied by small angle XRD (SAXRD). Figure 2 shows the effect of urea amount on the SAXRD patterns of CeO2@SBA-15. As a reference, the pattern of CeO2/SBA-15 is presented. For all samples, one intense and two weak peaks are observed, which can be indexed into the (100), (110), and (200) reflections of the hexagonal space group p6mm, suggesting that the typical hexagonal structure of SBA-15 has been obtained throughout the synthesis and subsequent calcination. By further examining the dominant peak of CeO2@SBA-15, it is found that the position of (100) reflection is almost not shifted, implying the unit-cell parameter of mesoporous framework is not affected by the amount of urea added. Nevertheless, the signal intensity, which is related to the ordering of mesoporous structure, grows weaker with increased urea amount. With the maximal urea added, the mesoporous ordering is obviously disturbed, as evidenced by the appearance of indefinite higher order peaks in the corresponding pattern. Based on these results, we can conclude that well-ordered ceria modified SBA-15 composites are successfully prepared by the one-pot synthesis. On the other hand, by comparing the patterns of samples from different methods, it is obvious that the one-pot prepared samples have larger unit-cell parameters than the impregnated one.


[image: Figure 2]
FIGURE 2. The small angle XRD patterns of different ceria loaded samples.


In previous study, it was reported that for some multivalent metal ions, e.g., Mo6+, they could induce the assembly of SBA-15 framework through interaction with P123 template (Zhang et al., 2012). This may also hold true for cerium as reflected by the SAXRD pattern (Supplementary Figure 1). The appearance of three diffraction peaks clearly indicated that highly ordered hexagonal mesostructures were obtained for CS-1 sample. However, as can be seen from Supplementary Figure 2, the final product without urea addition (CS-1) was almost free of cerium. This is not advantageous for direct functionalization of SBA-15. Fortunately, the weakness was overcome by employing urea into the synthesis system. An explosion of ceria content is observed for CeO2@SBA-15 (Supplementary Figure 2). The unique property of urea in generating ammonia at elevated temperature (> 80°C) is supposed to play the key role in realizing one-pot modification of SBA-15 with ceria. That is, the preliminary formation of rigid mesoporous framework (pattern of CS-2 in Supplementary Figure 1) and subsequent grafting guest species onto silica matrix through in situ modulation of synthesis pH from urea decomposition. Additionally, it is noteworthy that the amount of urea addition influences ordering of the final products. With increasing of urea amount, more ammonia would be produced. Consequently, the pH value of synthesis medium increases and the ordering of the mesoporous structures is resultantly disturbed (Escas et al., 2007).

The phase and phase purity of mesoporous CeO2/silica hybrids were investigated by wide angle XRD and results are filed in Figure 3. For all samples, broad reflection in the region of 20–26° belongs to amorphous silica. The diffraction peaks at 2θ = 28.6°, 33.1°, 47.5°, and 56.3°, corresponding to d spacing of 3.12, 2.71, 1.91, and 1.63 Å characteristic of the (111), (200), (220), and (311) plane of CeO2 crystallite, are clearly observed. No reflections from other species indicate the obtained materials are ceria modified SBA-15. Additionally, the diffraction peaks of ceria are a little broad, and the calculated grain sizes of crystalline CeO2 are listed in Table 1. In general, the mean grain sizes of ceria in CeO2@SBA-15 samples are in the range of 6–9 nm, whereas that in CeO2/SBA-15 only has an average size of 5 nm. The result is a little abnormal, as compare to other methods, it is generally acknowledged that the guest species prepared by impregnation technique present relatively larger particle size after been calcined (Sietsma et al., 2006; Munnik et al., 2015). One plausible explanation is that the ceria in CeO2/SBA-15 are confined in the pore channels and as a result, their nonhomogenous aggregation is limited.


[image: Figure 3]
FIGURE 3. The wide angle XRD patterns of different ceria loaded samples.



Table 1. The physicochemical properties of the synthesized samples.

[image: Table 1]

In order to get further information on the porosity of mesoporous CeO2-silica composites and evidence of pore clogging, N2 physisorption characterization was carried out. Figure 4 shows the adsorption-desorption isotherms and pore size distributions (PSD) of CeO2@SBA-15 samples as well as that of CeO2/SBA-15. In general, all isotherms in Figure 4A possess a hysteresis loop at relative pressure (p/p0) between 0.6 and 1.0, which can be filed into type IV according to IUPAC classification, indicative of the formation of mesoporous materials. This is further revealed by PSD curves (Figure 4B) with maximum dV/dlogw in the range between 5 and 10 nm. By comparing the patterns of CeO2@SBA-15, it is found that the hysteresis loops are H1 for the samples synthesized with 0.2, 0.5, and 0.8 g urea, while that of CeO2@SBA-15(1.2) is analog to H3 type, corresponding to less ordered mesoporous material. For CeO2/SBA-15, the pore size is smaller than that of CeO2@SBA-15. Moreover, it is interesting to find that there is a step-wise desorption isotherm in the desorption branch and the corresponding PSD curve presents a bimodal distribution centered at 4.0 and 5.7 nm. The phenomenon was previously reported by Van Der Voort et al. (2002), Groen et al. (2003) on the development of plugged hexagonal silicas containing both open and encapsulated mesopores. Hence, combined with wide angle XRD result, the two-step desorption can be viewed as powerful evidence of ceria nanoparticles confined in the pore channels, which in turn leads to a fake PSD at 4.0 nm. Moreover, as shown in Table 1, the obvious decrease in pore volume after insertion of CeO2, together with average grain size of ceria close to pore size of CeO2/SBA-15, are other helpful evidences for determination of CeO2 location and its heavy clogging effect. For CeO2@SBA-15 samples, the absence of two-step N2 desorption demonstrates that the mesopores do not suffer from pore clogging.


[image: Figure 4]
FIGURE 4. The N2 sorption isotherms (A) and pore size distributions (B) of various ceria loaded samples.


Transmission electron microscopy (TEM) characterization has the advantage of providing direct observation of the ordered mesostructures as well as the distribution of guest species. Figure 5 shows the typical TEM images of CeO2@SBA-15 (0.8) and CeO2/SBA-15. For both samples, the alternating clear and dark stripes are visible, indicating the formation of ordered SBA-15 framework. For CeO2/SBA-15, small nanoparticles confined in mesopore channels are clear (Figure 5b). Their sizes were 5–6 nm, in good agreement with the result calculated from Sherrer equation. In contrast, no ceria particles encapsulated in the mesopore channels can be detected from Figure 5a, depicting the clogging-free feature of CeO2@SBA-15.


[image: Figure 5]
FIGURE 5. Typical TEM images of (a) CeO2@SBA-15 (0.8) (inset: the high magnification image) and (b) CeO2/SBA-15.




Characterization of CuO-Loaded Catalysts

It is reported that copper-ceria catalyst is much active for catalytic removal of NO with CO (Bera et al., 1999; Hu et al., 2001; Wen and He, 2002; Pantazis and Pomonis, 2006; Liu et al., 2009). In order to investigate the catalytic performance of the synthesized materials, NO+CO was chosen as a model reaction and CeO2@SBA-15 (0.8) was employed as a support to load CuO. For comparison, other two supports (CeO2/SBA-15 and SBA-15) with identical CuO loading were prepared. Their physicochemical properties and catalytic performances over NO+CO reaction were characterized and results are presented and discussed in the following sections.


XRD Results

The small angle XRD patterns of CuO-loaded samples are displayed in Figure 6. In general, both CuO/SBA-15 and CuO/CeO2@SBA-15 exhibit three reflections, indicating the well- ordered mesoporous structures are preserved after loaded with CuO. Comparing to that of CuO/SBA-15, the intensities of (100) diffraction peak is severely weakened and those of (110) and (200) become faint for CuO/CeO2/SBA-15, implying that multiple impregnations could induce a deterioration effect on the ordering of mesoporous structures.


[image: Figure 6]
FIGURE 6. The small angle XRD patterns of three CuO-loaded catalysts.


The wide angle XRD patterns of CuO-loaded samples are shown in Figure 7. Similar to the results of CuO free samples, all the patterns present a broad peak at 2θ = 20–26° which is assigned to amorphous silica. Besides the broad peak, the rest of diffraction peaks in CuO/SBA-15 are characteristic of crystalline CuO. For the patterns of samples with ceria modification, the characteristic peaks belong to crystalline CeO2 are present besides those of crystalline CuO and their intensities are comparable to those of CuO free samples. To further investigate the most intense diffraction peaks (2θ = 35.6°, 38.8°), it is observed that their intensities decreased in the following order: CuO/SBA-15, CuO/CeO2/SBA-15, and CuO/CeO2@SBA-15. Generally, X-ray diffraction intensity is an effective indicator of guest species dispersion. The weaker the reflection is, the higher the dispersion is achieved. In the present case, with the introduction of ceria onto silica matrix, the dispersion of CuO is improved. This can be well accounted by the fact that ceria is more capable of dispersing CuO (Dong et al., 1997). Furthermore, to explore the different dispersion behaviors between the two ceria modified samples, we should bear in mind that the location of ceria particles is not the same. Based on the results of N2 sorption and TEM, it is known that certain amounts of ceria are in the pore channels for CeO2/SBA-15, whereas most of the ceria are dispersed on the surface of the silica matrix in CeO2@SBA-15. By calculating with Scherrer equation for the samples, the average particle sizes of CuO are all larger than 20 nm. It is a useful indication that crystalline CuO are dispersed on the external surface. Despite the same loading of ceria for the two samples, a significant part of ceria are encapsulated in the pore channels. As a result, only a small part of ceria on the external surface is in contact with CuO and takes the role of dispersing CuO. Based on this discussion, it is reasonable to suppose that the difference in ceria location contributes to the different dispersion behavior of CuO in the two ceria-contained catalysts.


[image: Figure 7]
FIGURE 7. The wide angle XRD patterns of three CuO-loaded catalysts.




H2-TPR Results

H2-TPR profiles for various CuO-loaded catalysts are shown in Figure 8. These profiles show several features: (i) all of the three profiles present two reduction peaks, which can be classified into the reduction of highly dispersed and crystalline CuO (Luo et al., 1997; Zheng et al., 2005; Parida and Rath, 2007). By comparing the H2 consumptions, it is known that crystalline CuO are dominant. This is consistent with the wide angle XRD result. (ii) The peak value corresponding to maximum H2 consumption varies for different samples. The two peaks at 226 and 305oC in CuO/SBA-15 shift to lower values with modification of ceria. This is probably due to the outstanding oxygen storage capacity (OSC) and ease of the Ce(III)-Ce(IV) redox cycle of ceria (Fan et al., 2013). Possessing these unique properties, ceria can greatly improve the redox properties of CuO (Luo et al., 1997; Colliard and Nyman, 2021). Hence, the reducibility of CuO is improved and the corresponding peaks shift to lower values. Base on this analysis, it is reasonable to understand that the peak values of CuO/CeO2/SBA-15 are a little higher than those of CuO/CeO2@SBA-15. For CuO/CeO2@SBA-15, more ceria are available to interact with CuO and as a result, their promoting effect is more notable. Hence, the results of H2-TPR are closely related to the presence and location of ceria, which in turn confirms the different locations of ceria by the two different methods.


[image: Figure 8]
FIGURE 8. The H2-TPR profile of three CuO-loaded catalysts.





Catalytic Activity Results

The NO conversion and N2 selectivity as a function of reaction temperature were studied and results are shown in Figure 9. These results show several features: (i) generally, the activity (NO conversion and N2 selectivity) increases with temperature rising. The catalysts display low NO conversions and N2 selectivity at relatively low temperature (200oC). When the reaction temperature reaches 350oC, all of the catalysts exhibit excellent activity, with the NO conversions exceeding 90% and N2 selectivity exceeding 85%. (ii) The activities of the ceria modified catalysts are better than that of CuO/SBA-15. (iii) At every point, the catalytic activity of CuO/CeO2@SBA-15 is the best among the three catalysts. It displays a NO conversion of 83.9% with N2 selectivity of 84.6% at moderate temperature (250oC), whereas the other two catalysts only achieve the NO conversions less than 20% and N2 selectivity less than 30%.


[image: Figure 9]
FIGURE 9. Results of (A) NO conversion and (B) N2 selection over CuO-loaded catalysts as a function of reaction temperatures.


By correlating H2-TPR results with catalytic performances, some useful information can be distilled regarding the activity variations in the catalysts. As reported in literature (Hu et al., 2001), the NO+CO reaction over copper-based catalysts was proposed to proceed in the following cycling:

[image: image]
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The cycling process is intimately related to redox properties of the catalysts. From H2-TPR patterns, it is known that two different copper species are present in the three catalysts: highly dispersed and the dominant crystalline CuO. At the operation temperature of 250oC, both highly dispersed and crystalline CuO take part in the catalytic cycling, and resultantly, the catalytic performance was excellent. On the other hand, the catalytic performances of the other two catalysts show relatively low NO conversions and N2 selectivity. The reason may be that only highly dispersed CuO is participated in the catalytic cycling, while that of crystalline CuO is partial or totally not involved. This inference is further supported by the performances of the other two catalysts at the neighboring higher temperature (275oC). At that temperature, the less reducible crystalline CuO can be reduced by CO. Accordingly, the critical cycling process is turned on and their catalytic activities are greatly enhanced.




CONCLUSIONS

In the paper, a facile one-pot method was reported for the preparation of CeO2 modified SBA-15 without pore clogging. The presence of cerium could induce assembly of ordered mesoporous silica and ceria were in situ grafted onto mesoporous silica matrix with the aid of urea decomposition. The contents of ceria in the samples, together with ordering of the mesostructures, were much affected by the amount of urea added. By comparing the one-pot synthesis with that of the conventional impregnation method, besides facile and green operation, it was found that the textural property and ceria location of the final product were not the same. The silica matrix with larger pore size is presented by the one-pot synthetic method, whereas the impregnation method is characterized by confined ceria in mesopore channels. After loaded with CuO, the ordered mesoporous structure was still preserved. The dispersion and redox properties of CuO were correlated with the presence and location of ceria, which in turn determined their catalytic performances in NO+CO reaction. Since no pore clogging is observed for CeO2@SBA-15, more chance is present for ceria to interact with CuO. As such, the ceria promotion effect was more prominent and much better catalytic performance is obtained.
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